In current nanoscience, the synthesis of autonomously moving nanomotors proves to be an immediate challenge. In this work we have reported the synthesis of soft-oxometalate (SOM) based nanomotors comprising vanadium and molybdenum oxoanions which show autonomous movement in response to a chemical fuel like that of an aqueous solution of sodium bicarbonate. CO 2 produced from bicarbonate in an acidic environment created by the SOMs is solely responsible for creating the chemical potential gradient which induces motion in these nanomotors. We have explained this motion qualitatively and also shown how chemical anisotropy and size of these nanoparticles influence such autonomous motion.
Introduction

Nanomachines
1,2 play a signicant role in today's nanotechnology as they can perform tailored tasks using energy. Nanomotors prove to be a step towards realisation of such nanomachines.
3,4 Nanomotors may be dened as nano scale objects which harness energy from their environment and convert it to motion and force. In nature various biological motors are present. 5 For instance, eukaryotic cells contain several powerful biomotors which convert chemical energy from hydrolysis of ATP to mechanical work. 6 Other examples of biomotors include cytoskeletal molecular motors and enzymatic motors which are involved in the processing of RNA and DNA. 7, 8 Taking inspiration from these biological machines various groups across the world have started working with nano machines. The rst attempt of preparing such small-scale machines was taken by Whitesides et al. in 2002. 9 They used Pt catalyst to propel millimetre sized plastic disks. In 2004-2005 the group of Sen, Mallouk and Ozin contributed further to this eld by preparing micrometre sized motors which constituted of Pt-Au and Ni-Au bimetallic rods of length 2-3 mm.
10,11 These were chemically driven micromotors and the fuel used in these cases was primarily H 2 O 2 which catalytically decomposed to form H 2 O and O 2 .
The motion of these nanomotors is dominated by viscous force and thermal uctuations which are converted to Brownian motion. 12, 13 In order to overcome the viscous force in low Reynold's number regime and also to induce motion in the nanomotors some form of energy input must be provided.
14 This is because of the fact that the mechanism of motion of nanoscale objects differs from that of macro objects. 15, 16 A macro particle can maintain its motion for a certain period of time even without continuous supply of energy but a nanoscale object cannot continue its motion due to the dominance of viscous drag. To control the motion of the nano objects a continuous driving force and an external stimulus are necessary. The external stimulus may be in the form of light, [17] [18] [19] chemical gradient, [20] [21] [22] magnetic eld, [23] [24] [25] electric eld, 26, 27 ultrasonic sound. 28 Depending on the interaction between the particle and the input energy source the movement can be translation, 29, 30 43-51 and since they are so in nature they can be rendered motile deliberately using correct chemical fuel or by any other suitable external energy. We have already induced motion in SOMs using both physical as well as chemical external energy sources. 17, 52 In one of our previous works mesoscopic asymmetric peapod shaped SOM's 50 controlled motion along complex paths using tailor-made sophisticated optical potentials was reported. 17 In another work motion was induced in heptamolybdate based SOMs using dithionite as a fuel from which SO 2 was generated to propel the SOMs. 52 As a next step we try to exploit the intrinsic acidity of the SOMs and propel them by exposing them to a bicarbonate rich environment which can produce CO 2 which can propel the SOMs. The SOM used here as the nanomotor is composed of oxoanions of two metalsmolybdenum and vanadium. The morphology of these SOMs can be tuned by varying the loading of the two metal oxoanions which helps us achieving control in the movement of the SOMs. As mentioned earlier, the primary design principle of the SOM nanomotors is based on the fact that the SOMs are heteropolyacids which evolve CO 2 (propelling the SOMs) from bicarbonate which is used as the fuel. Here we rst describe its synthesis and characterization and later its motion.
Experimental
Materials and methods
All the reagents were purchased from commercial sources (Merck) and were used without further purication. The glassware were cleaned in an acid bath, base bath and then rinsed with isopropanol followed by acetone and kept in hot air oven for 48 hours prior use.
Synthesis of V/Mo so-oxometalate (SOM)
Ammonium heptamolybdate tetrahydrate (800 mg, 0.687 mmol) was dissolved in distilled water (4 mL) and heated until simmering hot. A clear dispersion of ammonium heptamolybdate was formed which was kept in refrigerator for 10 minutes. This dispersion was then brought back to room temperature. To this solution a specic amount of sodium metavanadate was added separately to prepare dispersions such that the molar ratio of sodium metavanadate to ammonium heptamolybdate (V/Mo loading) were 0.08, 0.10, 0.12, 0.14, 0.17, 0.24, 0.50, 0.70 and 1.00 respectively. Aer addition of metavanadate the mixture was sonicated for 15 minutes using an ultrasonicator to form a stable dispersion. The dispersion was brought back to room temperature and kept undisturbed for 24 hours for equilibration. Beyond the V/Mo loading ratio of 0.50 precipitate was obtained aer 24 hours.
Preparation of sodium bicarbonate solutions
Calculated amounts of sodium bicarbonate were dissolved in 10 mL of distilled water to prepare bicarbonate solutions of concentrations 0.0119 mol
0.2976 mol L À1 , which were used as fuels.
Instrumental analysis
Microscopy using inverted uorescence microscope. An Olympus IX81 epi uorescence microscope with a motorized stage was used for recording the videos of moving nanomotors. A 22 Â 40 dimension glass cover slip was cleaned with methanol and dried in air to remove any unwanted adsorbed materials on the surface of the cover slip. The V/Mo SOM dispersion of varying V/Mo molar ratio (10 mL) was placed on the cover slip using a 10 mL micropipette. This coverslip was then placed on the scanning stage of the microscope and the stage was controlled using a joystick. The microscope was focused at objective 40Â and the video of the SOM dispersion was recorded in order to locate the SOMs and this video acts as the control of the experiment. To this SOM dispersion, sodium bicarbonate solution (10 mL) was added using a 10 mL micropipette to ensure that 1 : 1 volume ratio is maintained. The microscope was again focused at objective 40Â and the videos were recorded using DSIC camera attached with the microscope. This procedure was repeated 3 times each for all concentrations of sodium bicarbonate as well as for all variations of V/Mo loading to ensure the reproducibility of the process and to get more number of data points for analysis.
Characterizations using Scanning Electron Microscopy (SEM) and energy dispersive X-ray analysis (EDAX). The SEM and EDAX images of the SOM dispersions (with varying vanadate/molybdate loading) were recorded on SUPRA 55 VP-41-32 instrument with the SmartSEM version 5.05 Zeiss so-ware and EDS Oxford soware.
Characterizations using Dynamic Light Scattering (DLS) measurement. 1 mL of V/Mo SOM dispersion (of a particular V/ Mo loading) was diluted with 10 mL of deionised water and this dispersion was subject to a hand-held laser pointer of wavelength 635 nm to ensure that the resulting scattering is a single well-dened line. The dispersion was then kept in a Malvern Zetasizer to conrm the size of the dispersed particles. The procedure was repeated for all variations of vanadate-heptamolybdate loadings.
Characterizations using Horizontal Attenuated Total Reectance-Infra red (HATR-IR) spectroscopy. A Perkin-Elmer Spectrum RX1 spectrophotometer with HATR (Horizontal Attenuated Total Reectance) facility in the range of 2000-600 cm À1 was used to record the HATR-IR spectrum of the SOM dispersion. The same set-up was also used to record the HATR-IR spectra of ammonium heptamolybdate and decavanadate to compare them with the spectrum of the V/Mo SOM. Characterizations using Raman spectroscopy. Raman spectra were recorded for all variations of V/Mo loadings in SOMs as well as for heptamolybdate and decavanadate dispersions using commercial Raman spectromicrometer (Horiba Jobin Yvon LABRAM HR800). The excitation laser at 633 nm was shined on the dispersion kept in a quartz cuvette on the Raman microscope stage.
Characterization using powder X-ray diffraction (PXRD). The dispersion of SOM with 0.50 V/Mo loading was drop cast on a glass slide, dried in air and the sample was scratched out. The sample was subject to Rigaku (mini ex II, Japan) powder X-ray diffractometer having Cu Ka ¼ 1.540593Å radiation.
Analysis of motion of SOMs
Analysis using ImageJ. The raw microscopic image sequence in TIFF format was converted to AVI using a commercial image analysing soware ImageJ at the rate of 10 frames per second as specied during recording of video. Each frame from the video was taken separately and analysed manually for SOM particles. The co-ordinates of all SOM particles in each frame were noted and each SOM particle was traced for 5 frames. The body length of that particular SOM was calculated from the co-ordinates, time gap between the frames was noted and using all these information the velocity of the moving SOMs was calculated in terms of body lengths s À1 . This procedure was repeated for a number of SOMs to obtain the average velocity for each concentration of sodium bicarbonate solution. The same analysis was also used for the videos of varied V/Mo loadings. The velocities of the moving SOM were plotted in a graph against concentration of sodium bicarbonate. In another graph the velocity of the SOM was plotted against the composition i.e.; the ratio of vanadate to molybdate, or the V/Mo loading in SOMs. Analysis using TrackPy. TrackPy 53 is a python packaging tool developed for particle tracking. Each video was analysed by writing a code in TrackPy to obtain the trajectories of the moving SOMs. Trackpy rst identied the SOM particles in each frame with selective lters in it and then connected a denite number of frames in which a SOM particle was present following instructions to obtain the particle trajectories directly. For each sodium bicarbonate solution concentration codes were written separately and particle trajectories were obtained. The procedure was repeated for all V/Mo ratio variations of SOMs as well.
Results and discussion
We rst describe the formation of the vanadate-molybdate SOM and later its characterization with the help of Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Analysis (EDAX), Dynamic Light Scattering (DLS), Powder X-ray Diffraction (PXRD), Horizontal Attenuated Total Reectance-Infra Red (HATR-IR) Spectroscopy and Raman spectroscopy.
Different morphologically distinctive aqueous dispersions of SOMs are made from the initial dispersion of heptamolybdate in water 52 and sodium metavanadate, by suitably adjusting the molar ratio of vanadate and molybdate (V/Mo loading ¼ 0.08, 0.10, 0.12, 0.14, 0.17, 0.24, 0.35 and 0.50) followed by sonication for 15 minutes and thermal equilibration at 25 C for another 24
hours. We rst check the stability of the dispersions. To do so, we employed the relation
on hydrodynamic radii which predicts the repulsive electrostatic interactions among SOMs. 54 The positive value of k D conrms the stability of the SOMs, with increasing negative value of k D the SOMs become unstable. From the k D vs. V/Mo loading graph (Fig. 1) dispersions with V/Mo loading of 0.14, 0.17 and 0.24 are found to be more stable than others. DLS size distribution experiments (Fig. S1 †) show that for V/Mo loading of 0.08 to 0.12 the average hydrodynamic diameter (D h ) of SOMs vary from 500-740 nm (Fig. 1) and from SEM we observe that in such SOMs the rods of {Mo 7 } are nested within the cavity of vanadate. With further increase in vanadate concentration, i.e.; for V/Mo loading of 0.14-0.24 there is a morphological transformation back to nanorods, with hydrodynamic diameter decreasing to 330 nm as evident from Fig. 1 . At and beyond V/Mo loading of 0.35 the system becomes unstable and microcrystalline sharp needles (Fig. 2 ) of vanadate-molybdate precipitate. The graph in Fig. 2 compares the experimental loading of V/Mo ratios in the SOMs with the ratios obtained from EDAX mapping (Fig. S2 †) . The V/Mo ratios obtained from EDAX are slightly less than the experimental loading ratios but it follows the same trend as the experimental ones.
We now speculate on the reasons for obtaining various morphologies in the dispersions. Dispersing ammonium heptamolybdate (0.687 mmol) in 4 mL of water gives rise to a pH of 5.5. Vanadate in between pH range of 4-9 exists as decavanadate. 55 Hence, all the above morphologies are created by self-assembly of heptamolybdate and decavanadate which we have conrmed from HATR-IR later. Though the exact structure of the (Mo 7 -V 10 ) based SOMs cannot be obtained we provide a model of the formation of the SOMs from the constituent polyoxometalates-heptamolybdate and decavanadate via hydrogen bonding (Fig. 3) . The above mentioned SOMs have been synthesized via sonication which is a versatile technique for creating nanostructures. Ultrasonic waves generate hollow structures via subsequent generation, growth and collapse of bubbles in aqueous solution. 56 These bubbles create a liquid-air interface which acts as a template for the growth of hollow spherical vanadate SOMs. 57 Heptamolybdate rods have higher surface energy than vanadate spheres as spheres are the lowest energy structures. We believe that to minimise the magnitude of electrostatic repulsion between the heptamolybdate rods they take shelter within the vanadate cavity which is responsible for the embedded morphologies of rods in shells for the V/Mo loadings of 0.08, 0.10 and 0.12.
58 Till now this system is under thermodynamic control, on addition of further electrolyte in the form of sodium metavanadate the spheres get transformed to {Mo 7 -V 10 } rods. For V/Mo loadings higher than 0.12 we believe the added electrolyte minimizes the electrostatic repulsion thus stabilizing the kinetically controlled rods and k D values are positive implying stability of SOMs. 59 Finally for V/Mo ratios beyond 0.24 the system becomes unstable again and it occu-lates in the form of microcrystals, which we have further investigated with powder X-ray diffraction (PXRD) (Fig. 4) . Fig. 4 61 The peaks are broadened due to the formation of micron sized crystals. In this process of composite formation, lattices of both the oxoanions do not remain intact which could be clearly understood from the change in the d values as compared to literature. 60, 61 A new lattice might have been formed in the process with probable interpenetration of the vanadate and molybdate lattices, exact structure of which is beyond the scope of this paper.
In order to conrm that the SOM is composed of vanadatemolybdate we have characterized the heptamolybdate dispersion, decavanadate dispersion and the SOM dispersion by HATR-IR spectroscopy. From the HATR-IR spectra (Fig. 5) interactions between molybdate and vanadate. From these peaks we infer that the SOM is indeed composed of vanadate and molybdate. From Raman spectroscopy (Fig. 6 ) we observe that decavanadate is Raman inactive. {Mo 7 We now analyze the morphologies obtained for V/Mo loadings of 0.08 to 0.12. We observe for V/Mo loading of 0.08 to 0.12 a structure of a rod nested within a hollow cavity. To prove the nanorods are of heptamolybdate and the cavity consists of vanadate we varied the energy density of the probing electron beam in the scanning electron microscope. This is done by increasing the accelerating voltage from 7-17 kV while performing energy dispersive X-ray analysis (Fig. 7) . Mo/V ratio is measured at a particular location and it is observed that on accelerating energy the Mo/V ratio also increases from 8.44 to 33.60. This is because at lower energy density the electron beam can penetrate only up to a few layers while higher energy beam penetrates deep inside the cavity. This shows that the surface of the structure is rich in vanadates while deeper structure where rod is present is rich in molybdates. This clearly shows that {Mo 7 } rich rods are cradled inside the cavities rich in vanadates. Now we investigate the motion of SOMs with varying V/Mo loading and for different concentrations of fuel. As mentioned earlier, in this paper these SOMs are used as the nanomotors and an aqueous solution of sodium bicarbonate is used as the fuel. The dispersion of heptamolybdate SOMs (i.e., V/Mo loading of 0) is found to be acidic with a pH of 5.5. These heteroacid SOMs evolve CO 2 from bicarbonate solution according to the following reactions: Even though evolution of CO 2 is observed from the heptamolybdate SOM dispersion, these SOMs alone do not exhibit any autonomous motion. We believe that due to absence of any anisotropy in the structure of these SOMs, the evolution of CO 2 is non-directional and symmetric and hence it cannot induce motion. So we ask -can some asymmetry be induced in these particles to make them active as anisotropy plays a crucial role in the movement of active nanomotors? On introduction of vanadate in the molybdate SOMs i.e.; with varying V/Mo loading the desired anisotropy is obtained which in turn renders motility in these nanoparticles. However, for only vanadate containing SOM dispersion no effervescence is observed on addition of bicarbonate solution. Hence it may be inferred that the carbon dioxide is generated from the molybdate part of the SOMs and the motility is induced due to asymmetry introduced in these SOMs by the vanadates.
To elucidate the motion of the SOMs qualitatively we propose that a mobile diffused boundary is generated between the starting SOM and the species generated aer reaction. This interface in turn generates an osmotic boundary where CO 2 gas is produced which again gives rise to a slip velocity between the SOM surface and the continuous medium.
To interpret the effect of the fuel on the mechanism of motion we varied the loading of concentration of the fuel on a given SOM dispersion with a xed V/Mo loading of 0.17. It is observed that the propulsion velocity of these SOMs increases with increasing concentration of the fuel which is obvious as more and more CO 2 is generated that amplies the chemical potential gradient near the SOM surface leading to greater propulsion. The propulsion velocity reaches a maximum of 72 body lengths s À1 at 0.0595 mol L À1 of sodium bicarbonate concentration. Aer the tipping point and past this fuel concentration, the propulsion diminishes (Fig. 8A ). This is due to the fact that some CO 2 gets adsorbed on the free SOM surface thereby saturating the reaction sites which exerts an additional viscous drag on the SOMs.
Consequently, the velocity of the SOMs dwindles even though we increase the concentration of the fuel. To analyse the individual movement of each SOM particle we have calculated the velocity of the SOM at different concentrations of bicarbonate (Fig. 8A ) and shown the time lapse images of the moving SOM in 0.0595 mol L À1 bicarbonate solution.
Now to perceive the impact of asymmetry on actuation of these nanomotors eight SOM dispersions were prepared by altering the loading of V/Mo (Fig. 9A) . For the rst dispersion having an interpenetrating rod encapsulated in a shell of vanadate where V/Mo loading was 0.08 the mean propulsion velocity was found to be 40 body lengths s À1 (Fig. 9A) . We have also obtained the trajectories of the motile SOMs for time duration of 1 second with ImageJ and TrackPy (Fig. 9B) . The coloured lines indicate the distance travelled by each SOM for 1 second in bicarbonate solutions.
With increase in vanadate loading in the SOM (for V/Mo loading of 0.08 to 0.12) the extent of encapsulation of molybdate by vanadate increases thereby decreasing the interaction between the heptamolybdate rods and the bicarbonate solution. Hence less CO 2 is produced and the propulsion velocities of the SOMs reduce till V/Mo loading reaches 0.12. Now for V/Mo loading of 0.14 to 0.24 the encapsulation of molybdate by vanadate is not seen anymore.
Instead we see only nanorods that are chemically anisotropic and are composed of both vanadate and molybdate. Hence for SOMs with V/Mo loading of 0.14 and above the bicarbonate solution can directly interact with the molybdate present in the nanorods with vanadate imparting asymmetry thereby enhancing the propulsion velocity. diameter is 740 nm and the propulsion velocity is the lowest $9 body lengths s À1 . For the vanadate-molybdate rods at V/Mo loading of 0.24 the hydrodynamic diameter reduces to 330 nm and the velocity is the highest i.e.; 53 body lengths s À1 . It is also to be noted that in low Reynold's number regime, the axial propulsion force of the nanomotors calculated by Stokes' equation is compensated by the drag force of the uid on the nanomotors. 62, 63 For the nanorod encapsulating vesicular SOMs the drag force is (0.285 AE 0.012) fN while for the rod-like SOMs it is (0.736 AE 0.009) fN which explains the higher propulsion velocity of the rod-like SOMs.
So the following points emerge from our study:
(1) Although molybdate is responsible for effervescence of CO 2 from bicarbonate, alone molybdate based SOMs cannot show motility when treated with fuel bicarbonate. Instead induction of chemical anisotropy in the form of mixed metalate SOM with V and Mo is required for observing motility.
(2) However for a SOM with chemical anisotropy, i.e., SOMs with vanadate and molybdate, the hydrodynamic radius of the SOM inversely inuences the velocity of propagation. It is observed that smaller the hydrodynamic radius, higher is the velocity of the SOM.
From all the above results we thus infer that the autonomous motion of the nanomotors is dependent on the anisotropy of SOMs, and the size of the individual nanomotors, for a given concentration of the fuel.
Conclusions
To summarize, in this work we have reported a decavanadate and heptamolybdate based so-oxometalate (SOM) system and employed sodium bicarbonate solution as fuel to render these nano particles motile. The decomposition of bicarbonate to form CO 2 in the presence of acidic dispersion of heptamolybdate is the driving force behind the motion of the SOMs. Vanadate induces asymmetry in these SOMs which provides directionality to the translation. In this work we have clearly demonstrated that size and chemical anisotropy of SOMs play a crucial role in their movement which is reected in the magnitude of their propulsion velocity. Thus we can tune the movement of the SOMs either by controlling their size or by varying the molar ratio of the chemical constituents -vanadate and molybdate and hence possibilities exist for controlling their motion and using them as devices for transport and delivery. [64] [65] [66] 
